The structural evolution of InN from microsized grains to nanocolumns, and to a two-dimensional epifilm grown on Si(111) substrates was realized by plasma-assisted molecular-beam epitaxy. Grainy InN was grown at a higher substrate temperature, and a higher N BEP /In BEP ratio, and on a low-temperature InN buffer layer. A high-quality InN epifilm was grown at a lower substrate temperature, and a lower N BEP /In BEP ratio, and on a high-temperature AlN buffer layer with a room-temperature Hall mobility and a carrier concentration of 860 cm 2 /(VÁs) and 8:9 Â 10 18 cm À3 , respectively. Photoluminescence spectroscopy showed a unique peak in the infrared region indicating that the energy gap of the InN is in the range of 0. Recently, InN has attracted much attention due to the reconfirmation of its fundamental energy gap, which falls within the infrared (IR) region.
Recently, InN has attracted much attention due to the reconfirmation of its fundamental energy gap, which falls within the infrared (IR) region. [1] [2] [3] [4] [5] Combined with GaN and AlN, the band gap of nitride alloys can cover a very wide spectral range from ultraviolet to IR. [2] [3] [4] [5] [6] [7] [8] [9] From the application perspective, InN-based devices are expected to be developed as sensors, solar cells, IR light-emitting diodes, IR laser diodes, and high-frequency electronic devices, among others. This is because of theirs outstanding material properties such as a small effective mass, a large mobility, high peak and saturation velocities, and a small direct band gap. [2] [3] [4] [5] [6] [7] [8] [9] However, obtaining high-quality InN is difficult due to the thermal instability of InN and the large lattice mismatch between InN and conventional substrates. [2] [3] [4] [5] [6] Many methods, which include molecular-beam epitaxy (MBE), chemical vapor deposition (CVD), and sputtering, have been used to obtain high-quality InN epifilms. 1, [9] [10] [11] [12] [13] [14] However, most studies have been on sapphire substrates, and only a few works have focused on Si substrates. 5, [15] [16] [17] [18] Si has many advantageous properties, including good thermal conductivity, excellent crystal quality, good doping properties, low cost, a mature processing technique, and availability of large wafers up to 12 in., which offer an opportunity to integrate InN with the IC industry. In this study, various InN structures grown on Si(111), such as microsized grains, vertically nanosized columns, and twodimensional (2D) epilayers, were obtained by control of the beam equivalent pressure of N/In (N BEP /In BEP ) ratio, substrate temperature, and buffer layer. These samples were analyzed by in situ reflection high-energy electron diffraction (RHEED) analysis as well as ex situ field-emission scanning electron microscopy (FESEM), photoluminescence (PL) spectroscopy, X-ray diffraction (XRD) analysis, and Hall measurement.
Various InN structures were grown on Si(111) substrates by plasma-assisted molecular-beam epitaxy (PAMBE). The PAMBE instrument is a Veeco/Applied-EPI 930 system with liquid nitrogen cryopanel cooling. The growth chamber was evacuated down to a base pressure of 3 Â 10 À11 Torr by a combination of a roughing pump, a turbomolecular pump, and a cryopump. 7N5 pure indium metal was vaporized with a standard Knudsen effusion cell. 6N pure N 2 was further purified through a chemical purifier (Aeronex) and then fed into a radio-frequency (RF) plasma generator. Before InN growth, the Si substrate was cleaned with acetone, isopropanol, and de-ionized water in an ultrasonic bath to remove residual organic contaminants on the surface. Then, chemical dipping in a HF : H 2 O ¼ 1 : 5 solution for 5 min was applied to remove surface native oxides. After the chemical cleaning process, the Si substrate was annealed at 900 C for 30 min in the growth chamber before the growth of InN. After cooling to 760 C, the appearance of clear (7 Â 7) surface reconstruction RHEED patterns ensured a perfect surface. 19) After the sample growth, the surface morphology of the InN was analyzed by field-emission scanning electron microscopy (FESEM, JEOL-6700). Sample structures were characterized by high-resolution X-ray diffraction (HRXRD, Bede-D1) analysis. The highest resolution of the =2-and !-scans were 1.8 and 1 arcsec, respectively. The carrier concentration and electron mobility of the InN film were measured by the Van der Pauw method. PL spectra were measured using a Jobin-Yvon TRIAX320 system, equipped with a grating blazed at 2 mm. A lead sulfide (PbS) detector was used to detect the luminescent wavelength in the range of 0.5 -3 mm. A grating blazed at 500 nm and a photomultiplier tube (PMT) detector were also used in the visible range measurement.
FESEM images of various InN structures are shown in Fig. 1 , and their corresponding growth conditions are listed in Table I . These five samples were grown under different conditions, in which samples A to C construct a temperaturedependent series. Only sample E was grown on a hightemperature (HT) AlN buffer layer, and the others were grown on a low-temperature (LT) InN buffer layer. The corresponding growth temperatures of LT-InN and HT-AlN were 330 and 850 C, respectively. For the V/III BEP ratio, In BEP of 2:5 Â 10 À7 Torr and Al BEP of 1:5 Â 10 À7 Torr were used in all samples. The real active nitrogen flux from a plasma source is mostly related to atomic nitrogen flux, and the real flux of atomic nitrogen can be roughly controlled by adjusting RF power and N 2 flux. 20) In this experiment, an RF power of 500 W was used in all the samples, and N 2 BEP was proportional to the III-elemental BEP. Figures 1(a)-1(c) show a microsized grainy structure with random shapes (sample A), an individually nanosized columnar structure (sample B), and a densely columnar structure (sample C), respectively. Although sample A was grown near the InN dissociation temperature (550 C), 5, 13) no indium droplet appeared on the surface. The three-dimensional island growth without any indium droplet indicates that the samples were grown under an N-rich condition. In sample A, the distribution of grain size varies from $200 nm to 2 mm, and no specific geometric shape can be concluded. Many grains suspended on other grains with a small gap above the substrate surface, which indicates that the strain is fully relaxed at the interface. With decreasing growth temperature, InN tends to take aligned-columnar structures as shown in Figs. 1(b) and 1(c). Sample B shows individual vertical nanocolumns with a good epitaxital relation on the substrate. A similar columnar structure grown on an AlN buffer layer was also fabricated by Grandal et al., 17) but the columns grown on the LT-InN buffer layer on a Si substrate (sample B) are more widely separated to each other in our result. Comparing growth rates, sample C has a high growth rate of 0.44 mm/h, which is about three times higher than sample B. In the meantime, the column becomes denser, which demonstrates that lesser indium is reevaporated with growth temperature decreasing to 450 C. But the dense columns are peeled off due to their large film thickness of up to $2 mm.
Epitaxial InN layers with different structures grown on both LT-InN and HT-AlN buffer layers at a N BEP /In BEP ratio of 20 are shown in Figs. 1(d) and 1(e) , respectively. Although obtaining a 2D epilayer can be achieved using a lower V/III ratio in other III-N nitride materials, 21, 22) a highquality InN epifilm is still very difficult to grow using this approach owing to its low dissociation temperature. A low growth temperature leads to the poor ability of indium adatoms to migrate on the surface to form a 2D growth, and a N BEP /In BEP ratio lower than the stoichiometric condition easily causes indium droplet formation. 4, 13, 17) A strict condition very close to the stoichiometric condition was recommended to grow high-quality InN epifilms on sapphire substrates. 4, 13) For InN grown on the LT-InN buffer layer (sample D), although a nearly stoichiometric condition of N BEP /In BEP ratio = 20 is used (note that indium droplets sometimes appear on the surface when the N BEP /In BEP ratio is slightly lower than 20), a rough surface is still obtained, which is associated with poor crystal quality [see Fig. 1(d) ]. In some reports, 4, 13) an LT-InN buffer was used to grow a high-quality InN epilayer on a sapphire substrate, but it is not necessarily suited a Si substrate. From the lattice condition aspect, the lattice mismatch of InN on Si ($ 8%) being less than on sapphire ($ À25%) suggests that using Si as the substrate for InN growth is preferable. However, in the result, conspicuously, the lattice condition is not the main factor that dominates InN growth. Instead, a proper buffer layer is chosen to overcome the lattice mismatch problem. A better buffer material is devoted to the AlN because of its 5:4 coincident lattice matching with a Si(111) substrate. 5, 23) Figure 1 (e) shows a very flat cleavage surface with a smooth top surface (sample E). Only few indium droplets form on the surface at the wafer edge region. Streaky RHEED patterns in both [11 2 20] and [10 1 10] directions also indicate a flat surface as observed by FESEM. Other properties, such as a carrier concentration of 8:9 Â 10 18 cm À3 , an electron mobility of 860 cm 2 /(VÁs), and a fullwidth at half-maximum of the X-ray rocking curve of InN(0002) = 1270 arcsec, show that a high-quality InN epilayer is successfully grown under the stoichiometric condition using an AlN buffer layer. Fig. 2(a) , indicate that grainy InN has a wurtzite-type polycrystalline structure. 14, 24) Figure 2 (b) shows that both the InN nanocolumn and epifilm are wurtzite structures with a preferential c-axis orientation along the growth direction. A metallic indium peak at 32.9 is often measured if the N BEP /In BEP ratio is lower than the stoichiometric condition. Combined with the RHEED patterns, the epitaxial relations of InN on Si are h0001i InN k h111i Si and h2 1 1 1 10i InN k h110i Si , which agree with those of other groups. 5, 16) PL spectroscopy was performed to derive the energy gap of the InN materials. Figure 3 shows the room-temperature PL spectra of InN grains, nanocolumns, and epifilm. The very strong near-band-edge emission peaks of the InN grainy structure and InN nanocolumns are 0.64 and 0.65 eV at room temperature, respectively. Moreover, the high-quality InN epifilm grown on the AlN buffer layer shows a somewhat weaker emission at 0.66 eV, and the low-quality InN epifilm grown on the LT-InN buffer shows the weakest PL emission at 0.66 eV. A similar phenomenon of very strong PL emission is also observed in the GaN nanopillar structure because the larger irradiated and emissive area that results from the 3D-island structure (geometrical effect) yields a higher luminescence.
25) The band-edge emission peak of InN grains at 0.64 eV is among the smallest values in the literature. [1] [2] [3] [4] [5] [6] [7] [8] [9] No other PL emissions in the range of 1.0 -2.3 eV are detected in all structures, as shown in the inset of Fig. 3 . The current discussions of the luminescence of InN in InN (0004) InN (0002) Si (111) Si (222) InN nanocolumns and epifilm 2 Theta (deg) the visible range is often associated with polycrystalline InN, 1) Burstein-Moss effect, 11) and In x O y , 18) while that in the IR range is due to the indium/InN interface. 26) Nevertheless, only luminescence in the IR range can be detected in spite of the presence of polycrystalline InN or epitaxial InN film with or without indium metal on the surface. All results indicate that the fundamental energy gap of InN is in the IR region at approximately 0.64 -0.66 eV. If the band filling effect is considered, this value will be even smaller.
27) Yet, deep levels with a high radiative emission efficiency cannot be ruled out completely at this stage.
In summary, microsized grains, vertical individual nanocolumns, and 2D epifilms of InN grown on Si(111) substrates were fabricated by plasma-assisted molecularbeam epitaxy. All the samples were characterized by FESEM, RHEED analysis, XRD analysis, Hall effect measurement, and PL techniques with the following findings. A high N BEP /In BEP ratio, a low-temperature InN buffer layer, and a high substrate temperature are suited for 3D InN growth. In contrast, a low N BEP /In BEP ratio, a low substrate temperature, and a high-temperature AlN buffer layer are suited for high-quality InN epifilm growth. Only the grainy structure shows a polycrystalline wurtzite InN structure; other structures, nanocolumns and epifilms take a singlecrystalline wurtzite structure with a preferential c-plane orientation. InN epifilm grown on an AlN buffer layer exhibits a high electron mobility of 860 cm 2 /(VÁs) and a low carrier concentration of 8:9 Â 10 18 cm À3 . A fundamental energy gap of InN in the IR region of approximately 0.64 -0.66 eV is derived from the PL spectroscopy for all structures without taking into account the band filling effect.
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